
PHYSICAL REVIEW A VOLUME 23, NUMBER 6 JUNE 1981

Zero-core-contribution calculation of photodetachment cross sections of 0, and S,
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The zero-core-contribution model allows photodetachment cross sections to be computed using a few readily
accessible input parameters. We apply this model to the computation of photodetachment cross sections for the
homonuclear diatomic ions 0, and S, , which have n. outer orbitals. Values are calculated for the total cross
sections, partial cross sections for each vibrational channel, and angular distributions for each vibrational channel.
The results are in good agreement with experimental values, Inclusion of vibrational effects allows the prediction of
total photodetachment cross sections as a function of ion vibrational temperature. This allows comparison with both
swarm and beam-type experiments. The simplicity of the model makes it of use in the interpretation of experimental
results, This is illustrated by applying the model to infer equilibrium internuclear distances. We obtain r, = 1.348 A

0

for 0, and r, = 2.004 A for S, . We anticipate that the simplicity of the model will allow its application to
heteronuclear diatomic and polyatomie negative ions.

I. INTRODUCTION

In a recent article' we introduced a zero-core-
contribution (ZCC) model for describing atomic
negative ions. It allows one to calculate the photo-
detachment cross section of an atomic negative
ion if the following three easily accessible param-
eters are known: (l) the angular momentum of the
outermost orbital of the ion, (2) the electron affin-
ity, and (3) the size of the parent neutral atom.
In the present paper we extend this model to cal-
culate the photodetachment cross sections of ho-
monuclear diatomic negative ions. Although we
deal specifically with ions of w symmetry (e.g.,
0, and S, ), the treatment illustrates many of the
points to be considered in the calculation of photo-
detachment cross sections of other types of dia-
tomic and polyatomic negative ions.

There have been several experimental investi-
gations of the energy dependence of the total photo-
detachment cross section of 0, using crossed ion-
photon beams ' and drif t-tube techniques. In
addition, there have been measurements of the
energy spectrum of the detached electrons [laser
photoelectron spectroscopy (LPES) experimentsj"
for 0, and S, . These LPES experiments yield
ratios of partial cross sections for photodetach-
ment via different vibrational channels. The angu-
lar distribution of electrons detached from 0, has
also been measured. ' The ZCC model calculates
the energy dependence of the total photodetachment
cross section, partial cross sections, and angular
distributions in agreement with these experiments.
The ZCC calculations for individual vibrational
channels, used in conjunction with the LPES data,
provide an improved determination of the equilib-

rium internuclear distance in the O~ and S2 ions.
There are very few articles which give theoreti-

cal calculations of cross sections for detachment
from any molecular ion. Geltman' derived the
threshold behavior for detachment f rom a cylindri-
cally symmetric system. A method for deriving
the threshold behavior of polyatomic negative ions
has been developed by Reed et al. ,"whose work
also presents what is apparently the first calcula-
tion of the cross section for photodetachment for
any molecular negative ion. However, the work of
Heed et al. does not incorporate the vibrational
motion of the ion and molecule. It does not calcu-
late the partial cross sections for individual vibra-
tional and electronic channels, nor does it calcu-
late the angular distribution of the detached elec-
trons, in contrast to the present work.

The ZCC model depicts a negative ion as an
equivalent one-electron system. The one electron,
referred to as the "extra" electron, is bound by an
effective short-range potential which is constant
outside a core region. Its wave function is re-
ferred to as the "detachment orbital". The con-
tribution to photodetachment owing to the extra
electron's wave function inside the core region is
assumed zero. Application of this model to the
diatomic ions 0, and S, requires knowledge of
the following quantities: (1) the nature of the mo-
lecular orbital of the extra electron (this is
known" to be m ), (2) the vertical detachment en-
ergies corresponding to each vibrational transi-
tion contributing to the total cross section (in con-
trast, the same calculation for atomic negative
ions requires only the electron affinity), (3) the
size of the neutral atoms from which the ion is
formed, and the equilibrium internuclear distance
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of the ion, and (4) the internuclear potentials for
the ion and molecule, from which the Franck-Con-
don factors for vibrational transitions can be cal-
culated. The quantities needed for (2) and (3) are
available from various sources. For the internu-
clear potentials we have assumed Morse poten-
tials.

where the electronic matrix element ~fz, (R, m) is

M;-~) (R, m) = (g~„g e r, Rm) .
f nl

It is convenient to expand I&« in a Taylor's se-
ries in R about an appropriate value R. If R is
chosen to be

II. EXTENSION OF THE ZCC MODEL
TO HOMONUCLEAR DIATOMIC IONS

A. Separation of the nuclear and electronic motion

%e consider a photodetachment process corre-
sponding to the transition from an initial state 4,„„
of the ion to a final state 4~&„,, of the molecule and
detached electron. The ion's electronic state is
denoted by the index i, and the vibrational state of
the ion by v". The momentum of the detached
electron is denoted by k, the electronic state of
the molecule by f, and the vibrational state of the
molecule by v'. In this discussion, we make the
simplifying assumption that the only effect of the
rotational motion is to randomize the orientation
of the ions. ' Thus the cross section for detach-
ment from a molecular ion will be related to the
dipole matrix element

M(k, f, v', f, v",~)=(4);)„~d~C',.-&, (1)

where m is a unit vector parallel to the axis of the
molecule. The dipole length operator is

n+l

e'r~~ . 2
yll

where e is a unit vector in the direction of polar-
ization of the incident light and r~ is the position
of the jth electron. In order to write d in the form
of Eq. (2}, we must choose a coordinate system
with its origin at the midpoint of the internuclear:
axis. Otherwise d would contain the nuclear coor-
dinates.

The Born-Oppenheimer approximation allows
4,„„and 4 &„„ to be factored:

C,„.(r, ~ r„„,R) =e,„(r, r„,)X„"„{R) {3)

and.

C ~&„.( r, ' ' ' r„.„R)= 4'f&s(r, ' ' ' r„„)X„',(R), (4)

where R is the internuclear distance and X„"„(R)
and X„',(R) are the wave functions describing the
vibrational motion of the ion and the molecule,
respectively. 4,s(r~ ' ' ' r„„)is the wave function
of the n + 1 electrons of the ion, and Qz~(r, ' ' ' r„„}
is the wave function of the n electrons of the mole-
cule plus a detached electron. Then

1

~(k,f, v', f, v", m) = X„'.{R)X„"„(R)M;„(R,~)dR, (5)

f x„'.(R)X„", (R.)RdR

f x„',(R)X„"„(R)dR

and terms of second and higher order in. the Tay-
lor's expansion are ignored, "M(k, f, v', i, v", nz)
can be written as a product

M(k f, u', i, v", m) =M), (R„.„...m) f k„'. (R)k(R)dR. ",«

The absolute square of the overlap integral of the
vibrational wave functions in Eq. (8) is the well-
known Franck-Condon factor

II
2

&(v', v") = X„',(R)X„"„(R)dR

In particular, if the final state is a one-electron
plane wave, this normalization gives

4a(r)=(( )gu2e

B. Reduction to the one-electron problem

(12)

The formula for the cross section, Eq. (10),
uses a matrix element which connects (n+ 1)-elec-
tron wave functions. To see how the (n+1)-elec-
tron matrix element can be related to matrix ele-

F(v', v") does not depend on the orientation m.
Thus, using Fermi's golden rule, the cross sec-
tion for detachment from a diatomic negative ion
1s

' mk~—(k,f, v', i, v") =E(v', v")(2v)'—
Sg

&&
Jt l~t;~,(R,,„„,m) ('

(10)

where e'/Ic is the fine-structure constant, m, is
the mass of an electron, & is the frequency of the
incident light, and dA is an. element of solid angle
in the direction of the detached electron's momen-
tum k. dA is an element of solid angle of the vec-
tor m. The integral over dA„and the factor 1/4)7
yield a cross section which is averaged over all
molecular orientations. The numerical factor in
Eq. (10) assumes that the continuum final state is
normalized such that
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ments connecting one-electron wave functions, we
briefly outline the nature of the (n+ 1)-electron
wave functions which lie behind the ZCC model.
We consider only the outer-shell electrons of the
anion. For 0, , there are three outer-shell elec-
trons occupying m orbitals. We choose two of
these orbitals to be undistorted orbitals of the neu-
tral molecule. These two will henceforth be re-
ferred to as the molecular orbitals. The third or-
bital, which we call the detachment orbital, is
chosen to describe the change in charge density in
the region outside the neutral molecule owing to
the extra electron. Therefore, the detachment or-
bital has a mathematical form distinct from that
of the molecular orbitals. The detachment orbital
will be denoted by g~, where the axial component
of angular momentum X =+1 corresponding to a m

orbital.
We require that the wave function of the three

outer-shell electrons of the ion represents a state
with axial component of total orbital angular mo-
mentum 4=+1 and g component of total spin ~~

These states belong to the 'II ground elec-
tronic term' of 02. We also require that this
wave function is antisymmetric with respect to ex-
change of any pair of electrons. A wave function
fulfilling these requirements can be constructed
by combining the two molecular orbitals and the
detachment orbital, "using the concept of frac-
tional parentage. "

The final-state wave function is an antisymmetr-
ized combination of the two molecular orbitals and
a one-electron outgoing wave g~. The two molecu-
lar orbitals are combined, using standard meth-
ods,"to give one of the states of the 'Z, '4, or
«Z' electronic term of the molecule. The essential
feature is that the same molecular orbitals are
used in the initial- and final-state (n+1)-electron
wave functions. The only one-electron functions
which differ between the initial and final states are
the detachment orbital g~, and the outgoing wave

Because of this, the matrix element M-„'z, can
be written as a factor times a one-electron matrix
element

state v' and one of the electronic states f belonging
to the electronic term A. . & represents either
3Z, «4, or «Z'. The cross section for detachment
via this channel is obtained by averaging the cross
section given in Eq. (10) over the states i, and
summing over the final states f which belong to
the term A. It can be shown ' that

'I

2dQ
4m

(14)

The fractional parentage coefficient (A, w ) 'll )
connects the parent electronic term A of the mole-
cule and the w one-electron orbital with the 'II
electronic term of the ion. It can be calculated
from known formulas. "

Equation (14) is the formula used for computing
photodetachment cross sections in this paper. It
represents a one-electron approach in that it in-
volves an average of the one-electron matrix ele-
ment over the two orientations of the one-electron
axial component of angular momentum, indicated
by the factor & times the sum over ~=+1. It should
be noted that if the initial multielectron wave func-
tion were built up using three identical outer-shell
orbitals, all considered to parti. cipate in photode-
tachment, Eq. (14) would contain another factor of
3 on the right-hand side. This is in contrast to our
method, employing a single detachment orbital and
two molecular orbitals.

C. The single-electron wave functions

In order to represent the region occupied by a
neutral diatomic molecule, we take the core re-
gion to be composed of two overlapping spheres.
Each sphere has a radius chosen as in Ref. 1 for
atomic negative ions:

M.„„(R,m) =
J

g-„*(r )e ' r $~( r) r' si n8 dp d6 dr, (13)

plus terms which are multiplied by the overlap in-
tegral of g, with molecular orbitals. " We neglect
these overlap terms since the ZCC model assumes
the detachment orbital is zero in the region where
the molecular orbitals dominate.

We will use the symbol (A, v', v") to signify a
channel beginning with the ion in the vibrational
state v and any of the four degenerate electronic
states i belonging to the II electronic term. The
channel leaves the molecule in the vibrational

where (r ) is the expectation value of r for the
outermost shell of the neutral atom. The distance
between the centers of the spheres is the -equilibri-
um internuclear distance of the ion. The overlap-
ping spheres core region is illustrated in Fig.
1(a), drawn to scale for 0, . Figures l(b) and 1(c)
show alternative oval and ellipsoidal core shapes
which also have cylindrical symmetry appropriate
for a diatomic molecule.

Outside the core region, we choose g, to be a
linear combination of p-atomic orbitals (LCAO):
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(a)

overlapping
spheres

(b)

oval

(c)

ellipsoid

amount and phase of the d orbitals in the linear
combination. When «0, partial cancellation
occurs in the region close to the molecular axis.

Another possible detachment orbital is the united
atom (UA) orbital

F'e

FIG. 1. Possible core shapes for homonuclear di-
atomic anions.

with

f(r, 8) =N[g (r„,8„)—g&(rB, 8B)]

and

1 ) e-~r
t/)&(z, 8) =

~

1+—
~

sin8 .
yr) r (is)

where the integration is only over values of r and
8 lying outside the core. The negative sign be-
tween the two terms in Eq. (17) makes g~ symme-
tric with respect to inversion of the spatial coor-
dinates, which corresponds to gerade symmetry.

The LCAO wave function, as given in Eqs. (1V)
and (18) is not the only detachment orbital having
the correct asymptotic behavior and correspond-
ing to Vr, symmetry. A mixed LCAOdetachment or-
bital could be constructed, using p- and d-atomic

, orbitals, such that

f(r, 8) =N[ (1 —&')'~ 'f~(r, 8) + &f~ (r, 8)], (20)

with

fp(&, 8) =Np [&/(&A 8A) - &p(&B B)l

where g~ is given by Eq. (18), and

f, (&, 8) =N, [y, (&„,8„)+q, {&,8,)],
where

(22)

3 3) e""
g, = 1+—+, , ~

sin8 cos8 . (23)yr y 2r2)

N~, N~, and N are chosen so that f~(r, 8), f~(r, 8),
and f(r, 8) are normalized to unity outside the core
region. Note N&1 because of the overlap between

f~ and f~. & is a parameter which establishes the

The spherical coordinates r„and ~„are measured
relative to one nucleus, and r~ and ~~ are mea-
sured relative to the second nucleus. The normal-
ization constant N in Eq. (17) is chosen such that

~) [f(r, 8)] r sin8 d8 dr = 1,

(24)

(2m.S„,„„P"
y g (25)

mith E„,„„=E„,—E„„,where E„, is the energy of the
neutral molecule in the vibrational state v' and
electronic term A, and E„„is the energy of the
ion in the vibrational state v". Similarly,

[2m, (1(o E„.„„)]"'
S

The function g, has a weak dependence on R
through the coordinates r» ~» r» and 0» and
the shape of the core region. However, R„,„„dif-
fers from the ion equilibrium internuclear dis-
tance r," by less than 12% for the channels (v'~ 7)
considered. Thus, for simplicity, we mill use r,"
instead of R„,„„to determine r&, ~» r» ~» and
the core region. ' The error in the total cross
section, due to using r,", is less than 5% every-
where, and is less than 1% for energies at which
four or more channels are open.

D. Computation of photodetachment quantities

The integration for the matrix element, Eq. (13),
is most easily carried out using a molecular coor-

f(~, 8) =N4, (~, 8),

where g~ is given by Eq. (23) and N normalizes
f(r, 8) to unity outside the core region. We regard
the overlapping spheres core region, and the
LCAO detachment orbital given by Eqs. (17) and

(18) to be the choices which are appropriate for
the ZCC model. Most of our results will be ob-
tained with them. They have the advantage that
they will provide an easy method of constructing
core shapes and detachment orbitals for multicent-
ered ions. A few results will be obtained using
the core shapes shown in Figs. 1(b) and l(c), and
the detachment orbitals of Eqs. (20) and (24), to
explore the sensitivity of the model to these
choices.

The final-state wave-function |t~ is chosen to be
a plane wave as given in Eq. (12). The nature of
the approximations inherent in using a plane-wave
final state and a zero-core detachment orbital
have been discussed in Ref. 1. When the matrix
elementM~(R, m) is evaluated at R=R„,„„,it is
consistent with the Franck-Condon principle to use
the vertical detachment energy to determine the
coefficient y in the exporient in the detachment or-
bital
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, (-,'C cos'X, ——,
' S sin'X), (27)27r' '

where X is the angle between k and e:

C = [(I,—I,)-,' sinP+I, cosp]'sinP dP (26)

S=
~

' ' +[(I,-I,) & cosP —I, sinP]'~

dinate system whose z axis passes through the two
nuclei. However, the direction of the detached
electron's momentum and the polarization of the
incident light must be specified with respect to a
laboratory frame of reference. We will choose
the laboratory frame so that k is parallel to the z
axis and e lies in the x-z plane. Its origin is at
the midpoint of the internuclear axis. The molec-
ular coordinate system can be obtained by rotating
the laboratory coordinates through an angle &

about the s axis, and then through an angle P about
the new y axis. Thus & and p give the orientation
of the molecule as in Fig. 2. The integration over
the orientation of the molecule d~ becomes an
integration over d& sin(p)dp.

Using the wave functions of Eqs. (12) and (16),
and using Euler's angles o' and p to transform k
and e into the molecular coordinate system, we
obtain

r
~M-„,(R„,„„,m) ~'dn sinpdp

I,= sin'8 sin kr cosP cos~

&«,(kr sinP sin8) f(x, 8) r'dr d8, (30)

sin& cos8 sin kr cos cos6

xJ,(kr sinP sin8) f(r, 8) r'dr d8, (31)

,
t JI sin'8 sin(kr cosp cos8)

xJ,(kr sinP sin8)f(r, 8) r'drd8 . (32)

In these integrals, J,. is the Bessel function of ord-
er i, and f(x, 8) is given by Eqs. (17), (20), or
(24). In obtaining Eqs. (28) and (29), we have made
use of the fact that f(r, w —8) = f(r, -8), which is
necessary for a w orbital. The integrals in Eqs.
(30), (31), and (32) are over values of r and 8

lying outside the core region. These integrals and
the integrals over P in Eqs. (28) and (29) are car-
ried out numerically. It should be noted that the
integrals C and S depend on the initial and final
vibrational states p" and p' and the electronic
term A.

Substituting into Eq. (14), the differential cross
section is

k~
(A, v', v")=I"(t 'v") @— @

~(A, &,}'ll,) ~'

x ( —,
' C cos'X+ —,

' S sin'X) ~

where

&& sinp dp,
The partial cross section for detachment via a
specific channel, with the electron's momentum
in any direction is

o(A, p', v")

f der
=2m Jl

—sinXdX
dO

2m
' mk&

= J' (p', p")—— '
~

(A, w } II,)
~

'(C + S) . (34)

Because we have averaged over all orientations of
the ion, the differential cross section can be writ-
ten in the form"

FIG. 2. Orientation of diatomic ion relative to lab-
oratory frame of reference.

&& [1+P(A, v', v')(-,'cos'X+-,')].
(36)

Rearrangement of Eq. (33) gives

(36)P (A, p', p") = 2C —S

Many photodetachment experiments do not dis-
tinguish electrons detached through different vi-
brational and electronic channels. The total pho-
todetachment cross section measured by such ex-
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periments corresponds to

& v" 0 &, v', v~ .
A p'

The summations extend over values of & and v'
such that E„,„„h&o. P( v") is the probability of
finding the ion in the initial vibrational state v".
In an experiment in which the ions are allowed to
relax to their ground vibrational state, such as
those employing drift tubes, P (0) =1 and P (v")= 0
for v'&0.

Morse potentials have been used to describe the
vibrational motion of O„S„and 02 . The Morse
potential parameters" have been determined using
the values of }t&o, and I~,x, . For Sa we have used
an harmonic-oscillator potential, since no value
of 1&,x, is known. x,"and r,' are also needed to de-
termine the internuclear potentials. The results
quoted in Secs. IIIA, IIIB, and IIIC are computed
using an overlapping spheres core [Fig. 1(a)] and
LCAO detachment orbital [Eqs. (17) and (18)].
Other core shapes and detachment orbitals are
considered in Sec. IIID.

+ &(v,y, ( v+ —,')'+@(o,s, ( v+ a)', (38)

where E„ is the vibrational energy eigenvalue.
These constants are used to determine the vibra-
tional energy differences E„,„„.

For computing the Franck-Condon factors,

IH. RESULTS AND COMPARISON
VfITH PHOTODETACHMENT EXPERIMENTS

In this section we compare the results of the
analysis of Sec. II with experiments for 0, and

S, . The parameters employed for these ions are
given in Table I. @v,, S~p„@~,y„and S~,z,
are constants which give the vibrational energy
spectrum as defined by Herzberg ':

E„=@&,( V +a) -I~,X, (V+ a)'

A. The total photodetachment cross section

The total photodetachment cross section is the
sum of partial cross sections for many vibrational
channels as indicated in Eg. (37). This is illus-
trated in Fig. 3, which shows the sums for the
first few vibrational channels of the Z term of
the molecule, with the ion initially in the v" = 0 vi-
brational state. Channels with v' greater than
seven make an insignificant contribution to the
total cross section.

Figure 4 shows the total cross section calculated
by the ZCC model, for channels ending in all vi-
brational states and the 'Z, '4, and 'Z' electron-
ic terms of the molecule. It is assumed that only
the ground vibrational state (v" =0) is populated.

TABLE I. Parameters for the calculation of photodetachment quantities.

&DO

o

e

&ne

SQ)e

(eV)

(A}

(A}

(ev)

Io) x' (eV)

I'm y' (eV)

I'(u s' (eV)

I'a)" (eV)

Ie&e (eV)

(A, w~)2 II )

02
3+

E

0 44

o.96'

1.207

1.341

0.1959c

1.50 x10-'

6.77x10 6

-1.8xlO 7

0.135

1.5 xlo-3

o.5oo"

02
1Q

1 447

O.96"

1.2155

, 1.341

0.187

1.48 x10 3

0.1358,

1.5xlo 3

0 333n

2.097'

O.96b

1.227'

1.341

0 1776

1.7xlo 3

-1,33 xlo

0.1354

1.5xlo 3d

0.1675

82
3g

1.663~

1.51b

1.889

2.004~

0.0899

3.53 x10

o.5oo"

~ Reference 7.
b Calculated from Eq (15) with (r2). from Hef. 20.
' Reference 21.
"Reference 22.' Obtained by combining energies for the excited electronic term (given in Ref. 21) with the

electron affinity from Ref. 7.
f Reference 8.
g Obtained by fitting ratios of partial cross sections given by Ref. 8.
"Obtained from. formulas of Ref. 16.



2872 M. STEHMAN AND S. B. %00

0.04— 0&, Z& channels

p &7

0.05-
ta

0,02-

0.01-

In addition, the sum of the partial cross sections
for channels ending in only the 'Z molecular
term (the ground electronic state), and the sums
for channels ending in the 'Z and '~ terms are
shown. For comparison, the cross section mea-
sured by Burch, Smith, and Branscomb'3 is shown
as the dashed line in Fig. 4. The isolated points
show measurements by Cosby et aE.~

It can be seen that the shape of the ZCC cross
section generally agrees with the experimentally
measured one. However, the ZCC cross section
is uniformly too large by a factor of about 2, ex-
cept at photon energies less than 1 eV. This lies
outside the experimental uncertainty of 14 ' in the

0.00 I I I I
l

I I I I
l

I I I I

0 I 2
hv (eV)

I

FIG. 3. The calculated cross section of 02 for chan-
nels ending in the g term. The curves show the sums
of the partial cross sections for the first few vibrational
channels as indicated. Only the lowest vibrational state
of the ion is occupied.

absolute normalization of the cross section quoted
by Ref. 2, and the experimental uncertainty of 12%
in the absolute normalization quoted by Ref. 4.
Both the experimental and the calculated total
cross sections increase, with increasing slope, as
the photon energy increases. It should be noted
that this behavior results from the opening of new
channels as the photon energy increases.

The Burch, Smith, and Branscomb data may
represent detachment for which at least some of
the ions are in an excited vibrational state, since
the data are best fit by a threshold energy of 0.15
eV. Figure 5 shows the total cross section which
results assuming the ion vibrational states v" =0,
1, 2, and 3 have populations corresponding to a
temperature of 1500 K. In that figure, it can be
seen that the ZCC cross section remains larger
than the experimental cross section at all ener-
gies. At photon energies greater than 1 eV, this
cross section is nearly identical to the theoretical
cross section shown in Fig. 4, indicating that the
population of excited vibrational states of the ion
has little effect on the total cross section, except
near threshold.

The cross section predicted by the ZCC model,
with the parameters of Table I for S2, is displayed
in Fig. 6. %e have included only the 'Z molecular
term and assumed that all the ions are in the v" =0
state. To our knowledge, the total photodetach-
ment cross section of S, has not been measured.

B. Relative partial cross sections

Table II(a) compares the ratios of partial cross
sections obtained in an LPES experiment' on 0,

0.05—

0&, total cross section

0.015- « l500K

0.04-

0.03-

Alo~

4 0.010-

0.02-

- 0.01—
0.005-

0.00 I I I I
l

I I I I
l

I I I I
l

0 I 2
hv (eV)

0.000
0.0 0.5 I.o

hv (eV)

I I I I
l

I I I I I I I I

l.5

FIG. 4. Total 02 photodetachment cross section. The
upper solid curve shows the total cross section calcu-
lated by the ZCC model for all channels leav|ng the
molecule in the g", &, or Z~ electronic term. The
middle solid curves show the sums of the cross sections
for all channels ending in the lower electronic terms
as indicated. Only the lowest vibrational state of the
ion is occupied. The dashed line shows the experimental
data of Ref. 2. The points indicated $ are data from
H,ef. 4.

FIG. 5. Total 02 photodetachment cross section at
1500 K. The solid line is the total cross section com-
puted by the ZCC model for all channels ending in the

Q~, and Z' electronic terms. The vibrational
levels of the ion have been assigned the populations
P(0) =0.648, P(1)=0.233, P(2) =0.086, and P(3)=0.032,
which correspond to a Boltzmann distribution with a
temperature of 1500 K. The dashed line represents the
data of Ref. 2.
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FIG. 6. S2 photodetachment cross section. The curve
shows the total cross section comp+ted by the ZCC
model for channels ending in the Z term of S2 . Only
the lowest vibrational state of the ion is occupied.

at a photon energy of 2,54 eV, and ratios obtained
by the ZCC model using two different values for
r,", 1.341 and 1.348 A. The value r,"=1.341 & was
obtained in Ref. 7 by adjusting r," so that the ratios

of the Franck-Condon factors best fit the experi-
mental ratios. This amounts to assuming the elec-
tronic contribution to the cross section, the quan-
tity which multiplies the Pranck-Condon factor on
the right-hand side of Eq. (34), is constant for
1~p'&4. The ZCC model enables one to account
for the difference in the electronic contribution
for different vibrational transitions. Using the
ZCC model to compute the electronic contribution,
the best least-squares fit which can be obtained by
varying r, , whil, e keeping all other parameters
as given in Table I, is r,"=1.348 &. The difference
in the two values for r," reflects the fact that the
electronic contribution for v'=4 is only 70%%uo as
large as that for p'=1, for a photon energy N~
= 2.54 eV. An uncertainty of +0.01 A is placed on
the value of r," in Ref. 7. The value we have ob-
tained here lies within this uncertainty. However,
the quoted uncertainty is, in part, due to the un-
certainty of the assumption that the electronic con-
tribution is the same for all vibrational channels.
Use of the ZCC model to determine this contribu-
tion can reduce the uncertainty in the determina-

TABLE II. Comparison of partial cross-section ratios at Sw= 2.54 eV.

(a) g-
ZCC

re' = 1.341 A
ZCC

r"=1.348 L
Experimental

Ref. 7-

g( Z, 1,0)

g(3Zg, 2, 0)

g(3Zg, 2, 0)

g(3Z~, 3, 0)

g(3Zg, 3, 0)

g(3Zg, 4, 0)

0.744

1.230

1.832

'0.665

1.101

1.646

0.6409+ 0.019

1.100+ 0.033

1.673 + 0.050

X= 90'

(b) S2

ZCC
r,"=3.OO4 A

Experimental
Ref. 9

—(3Z~, 0, 0)

—(3Zg, 1,0)
0.62 0.78

—( Zg, 1,0)

—(3Z, 2, 0)
1.18 1.14

1.81 1.60
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tion of g
Badger's rule is an empirical rule which relates

the vibrational frequency co,
" and the internuclear

distance x," for molecules composed of atoms in
the first two rows of the periodic table. This rule
is"

~~ ll 2
(~l! d )3

0.2-

0.0-
-0.2-

-04-
-0.6-

(a) 0&

where p, is the reduced mass. C and d are con-
stants for all molecules with atoms from the same
row of the periodic table. For a molecule with
both atoms from the first row d = 0.68 A, and if
both atoms are in the second row d = 1.25 A. In
both cases C =1.86 A' N/cm. For 0, , with hv,"
=0.135 eV, this rule predicts r,"=1.372 A. The
value that we have obtained lies between this value
and the value obtained ignoring the variation in the
electronic contribution as in Ref. 7.

Table II(b) shows calculated and experimental
ratios for S . Again the experimental ratios are
obtained in an LPES experiment' at a photon ener-
gy of 2.54 eV. These experimental ratios are the
ratios of the electron flux measured perpendicular
to the polarization of the incident photons. Thus
these ratios correspond to ratios of the differen-
tial cross sections (d&x/dQ)('Z, , v', 0) at y =90'.
The corresponding theoretical ratios are calcu-
lated using Eq. (85), with values of P given by Eq.
(86).

The best fit to the experimental ratios occurs
for y,"=2.004 A. It should be noted that the experi-
mental ratios were estimated from peak heights in
data provided by Ref. 8. No attempt was made to
obtain the areas under the peaks by fitting Gaus-
sian distributions to them, nor has any correction
been made for background present in the data.
Badger's rule yields r,"=2.144 A for h.&,"= 0.065
eV. The value obtained using the ZCC model lies
7% below this.

C. Angular distribution of photodetached electrons

The angular distribution of photodetached elec-
trons is specified by the anisotropy parameter
P (A, v', v") which can be calculated using Eq. (86).
The resulting values of P(3Z, v', 0) are shown in
Fig. 7(a) for 02 and in Fig. 7(b) for S2 . Note that
P depends upon the vibrational channel as well as
the electron kinetic energy. These figures show
that for both 0, and S, P =+0.2 at the threshold
for all channels, and decreases towards -1 as the
electron kinetic energy increases. For kinetic
energies above 0.5 eV, these curves imply that the
maximum flux of detached electrons emerges per-
pendicular to the polarization of the incident light.

The anisotropy parameter P has been measured'
for 0, . The measurement was done at a single

-1.0-
I ~ ~ I i I I ~ ~ i ~ I I ~ i ~ I ~ ~ I ~

0.0 0.5 I.O I.5 2.0
kinetic energy

(b) s,
0.2-

~ I ~ I I I I ~
I

2.5 3.0
(SV)

-0.2-

-0.6-

-0.8
0.0

~ ~ ~
/

~ ~ ~ ~ I ~ ~ ~ ~

0.5 I.O l.5
kinet lc eneF gy (SV)

FIG. 7. Angular distribution of photoelectrons for 02
and S2 . The curves show the values calculated by the
ZCC model for the anisotropy parameter of indi-
vidual vibrational channels; (i) Represents p( Zz, 0, 0),
(ii) represents p(3Z, 1,0), (iii) represents p(3Z, 2, 0),
(iv) represents p(3Z~, 3, 0), and (v) represents p( Z, 4, 0).

photon energy (2.54 eV), but the angular distribu-
tions of electrons detached via several channels
was observed. Table III compares these experi-
mental results with the results of our calculations.
The calculations of the anisotropy parameters giv-

'

en here are, to our knowledge, the first computa-
tions of P for individual vibrational transitions.

TABLE III. Anisotropy factors at lcd =2.54 eV.

ZCC
Experimental

Ref. 7

P(3Zg, 1, 0)

P(3Zg, 2, 0)

P(3Zg, 3, 0)

P(3Zg, 4, 0)

P(~Kg, 1, 0)

P('&g 2. 0)

P('&g 3.0)

-0.949

-0.884

-0.800

-0.699

-0.418

—0.292

-0.168

-0.9492 + 0.005

—1.000 +0.01

—0.8880+ 0.0053

-0.7865+ 0.0066

—0.45 + 0.02

—0.41 + 0.05

—0.22 + 0.08

D. Alternative choices of core shape and detachment
orbital

The effects of altering the core shape and de-
tachment orbital are illustrated by the results giv-
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en in Table IV. We have tabulated the total abso--
lute. cross sections, the ratios of partial cross
sections, and the anisotropy parameters P at a
photon energy of 2.54 eV, for the various core
shapes and detachment orbitals discussed in Sec.
II. Of these quantities, the absolute total cross
section is the most strongly affected. Taking as a
nominal value the cross section for the overlapping
spheres core and LCAO detachment orbital, the
total cross section varies from 1.7 times the nom-
inal value for the ellipsoidal core, to 0.425 of the
nominal value for the mixed LCAO orbital with &

= -0.5. Note that & = -0.5 corresponds to approxi-
mately 25% d-atomic orbital in the li.near combina-
tion. The shape of the graphs of the total cross
section as a function of energy are nearly the
same for all the choices of core shape and detach-

-ment orbital.
The absolute cross section obtained using the

UA orbital of Eg. (24) can be seen to be in better
agreement with the experimental results than is
the result obtained using the LCAO orbital. How-
ever, the UA orbital has a very strong singularity
at the midpoint of the internuclear axis. Use of
the overlapping spheres core region with this or-
bital results in a normalization constant which is
unrealistically small.

The ratios of partial cross sections vary by no
more than 2/l~ from the nominal values, and the
anisotropy parameters vary by no more than O'Pz

from the nominal values. Overall, we can conclude
that the details of the shape of the core region and
the detachment orbital can alter the absolute size
of the cross section somewhat, but have very lit-
tle significance for either the shape of the cross

section as a function of energy, or the other pho-
todetachment quantities. The essential feature
that the detachment orbital must have, regardless
of what other choices are made, is the correct
asymptotic behavior outside the core region.

IV. CONCLUSIONS

We have applied the ZCC model to computation
of the photodetachment quantities of 0, and S, .
The model yields a total absolute cross section
for 0, which is about twice as large as the mea-
sured cross section. However, the quantities that
do not depend on the absolute normalization, name-
ly, the shape of the total cross section, the ratios
of partial cross sections, and the anisotropy pa-
rameters, agree with experimental results within
a few percent.

The absolute cross sections are sensitive to the
choice of the core radius r, . The choice that we
have made for this parameter in this article coin-
cides with the choice that was made for atomic
ions. ' It is possible that investigation of additional
molecular ions using the ZCC model will reveal a
.method of choosing ~, that will improve the cer-
tainty with which absolute cross sections for mo-
lecular ions are calculated. These calculations
for 0, and S2 are illustrative of many of the fac-
ets of the calculation of photodetachment cross
sections for other molecular negative ions. .In

particular, the incorporation of vibrational as well
as electronic effects is very useful. For example,
the ability to compute the partial cross sections
for vibrational channels allows us to investigate
the effect that population of excited ionic vibra-

TABLE IV. Comparison of photodetachment quantities for various choices of core shape and
detachment orbital at 2.54 eV. 00 is the total cross section, p(pv) = 0(3Z~, p, 0)/g(3Z~, v, 0),
and P(3Z~, v, 0) is the anisotropy parameter defined in Eq. (36). The combinations of core
shape and detachment orbital are (a) LCAO orbital, overlapping spheres core; (b) LCAO orbi-
tal, oval core; (c) LCAO orbital, ellipsoidal core; (d) mixed LCAO orbital with 0=+ 0.5, over-
lapping spheres core; (e) mixed LCAO orbital with 6=-0.5, overlapping spheres core; (f) UA

orbital, overlapping spheres core; and (g) experimental, with total cross section from Ref.
2, ,the remaining quantities from Ref. 7.

p(1, 2)

p(2, 3)

p(3, 4)

P(3Zg, 1, 0)

P(3Zg, 2, 0)

P(3Zq, 3, 0)

P(3Zq, 4, 0)

0.040

0.74

1.23

1.83

—0.95

—0.88

, —0.80

—0.70

0.041

0.74

1.23

1.83

-0.95

-0.89

—0.80

—0.70

0.068

0.73

1.22

1.80

-0.97

—0.91

-0.83

—0.73

0.044

0.74

1.23

1.83

-0.95

-0'.89

-0.81

-0.71

0.017

0.76

1.25

1.85

-0.93

—0.86

—0.78

-0.68

0.028

0.75

1.24

1.84

-0.94

—0.88

—0.79

—0.69

0.019

0.64

1.10

1.67

-0.95

-1.00

—0.89

-0.79
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tional states (hence, ion temperature) has on the
apparent photodetachment cross section. We find
that the ion temperature has an insignificant effect
except at photon energies below 1 eV, for 0, .
Since vibrational excitation of the ion can be in-
corporated in the model, it will be possible to
compute the solar detachment rate as a function of
temperature.

The ability of the ZCC model to compute partial
cross sections for vibrational channels, and to
give information about the angular distribution,
makes it a valuable aid in the analysis of experi-
mental photodetachment data. For example, a re-
cent experimental investigation" of NO, reveals
a series of thresholds in the cross section corre-
sponding to the opening of additional vibrational
channels as the photon energy increases. The
ZCC model can provide a reliable estimate of the

electronic cross section for each channel. Such
estimates are useful in order to infer structural
and spectral constants from experimental data.

The results given here for O, and S, demon-
strate that the ZCC model can be applied to homo-
nuclear diatomic ions. Future work mill apply the
ZCC model to heteronuclear diatomic, triatomic,
and tetratomic anions. The simplicity of the mod-
el as applied to homonuclear diatomic ions indi-
cates that it will yield useful results for these
more complicated anions.
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